Summary We studied the relation between a diet that is high in acid-forming nutrients (e.g. proteins) and low in base-forming nutrients (e.g. potassium) and bone structure. We showed a negative relation, which was more prominent if proteins were of animal rather than of vegetable origin and if intake of dietary fibre was high. Introduction Studies on dietary acid load (DAL) and fractures have shown inconsistent results. Associations between DAL, bone mineral density (BMD) and trabecular bone integrity might play a role in these inconsistencies and might be influenced by renal function and dietary fibre intake. Therefore, our aim was to study (1) associations of DAL with BMD and with the trabecular bone score (TBS) and (2) the potential influence of renal function and dietary fibre in these associations.
Introduction
Fractures are a major health concern in the ageing population and can result in disability and reduced quality of life [1] . Whereas bone mineral density is the most extensively studied determinant of fracture risk, other factors including microdamage, mineralization, bone turnover, macro-geometry of the cortical bone and micro-architecture of the trabecular bone Electronic supplementary material The online version of this article (doi:10.1007/s00198-017-4037-9) contains supplementary material, which is available to authorized users.
are important determinants as well [2] . A novel measure to assess micro-architecture is trabecular bone score (TBS). In brief, this measure combines information on connectivity density, trabecular separation and trabecular number in a single score [2] . In Canadian postmenopausal women, spinal TBS was shown to predict osteoporotic fractures as did hip BMD, but their use in combination incrementally improved prediction [3] . Moreover, spinal TBS was shown to be associated with prevalent and incident vertebral fractures independently of BMD in Dutch participants of the Rotterdam study [4] . Therefore, TBS might be a relevant measure of trabecular bone integrity to study in relation to modifiable lifestyle factors, such as dietary intake.
High dietary acid load (DAL) reflects a diet which is rich in nutrients that are metabolized to non-carbonic acids (e.g. sulphuric acid from the metabolism of protein) in amounts that exceed the quantities of alkali bicarbonate produced from combustion of organic salts (such as potassium chloride in vegetables [5] ). Therefore, long-term consumption of such a diet might disturb the balance between CO 2 and HCO 3 − in blood and cause mild but chronic systemic acidosis [6] . DAL has been suggested to affect bone because bone might serve as the primary buffering system for alkali components such as calcium and potassium in case of systemic acidosis [7] , but this hypothesis has been contradicted by others [8] . Studies on the relation between DAL and vertebral fractures have shown inconsistent results, and potential associations between DAL and fracture risk are suggested to be mediated by differences in BMD [9, 10] . That implies that DAL could influence fracture risk via influencing BMD. However, the role of TBS in this association is unclear.
On the one hand, by increasing DAL, dietary protein might have catabolic effects on bone. On the other hand, since the amino acids are important substrates for building bone matrix [11] , dietary protein has anabolic effects. It could therefore be hypothesised that associations between DAL and bone outcomes are non-linear.
Whereas the lungs are the primary organs used to neutralize acute metabolic acidosis, chronic disturbances of the acidbase balance are mainly regulated by the kidneys [12] . Renal function is an essential determinant of the regulation of acidbase balance via bicarbonate resorption and acid secretion. Impaired renal function is associated with disturbances in mineral and bone metabolism [13] and fracture risk [7, 14] . For that reason, we hypothesise that participants with altered renal function are less able to maintain a proper acid-base balance when consuming a diet with high acid load and are therefore more likely to develop low BMD and TBS.
Different food groups are known contributors to DAL. Protein sources such as meat, dairy and grain products contribute to a high DAL, whereas sources of potassium such as vegetables contribute to a low DAL. It has been suggested that contrasting associations between DAL and bone outcomes might have been influenced by dietary fibre intake [15] . More specifically, high intake of grains contribute to high DAL and high fibre intake, whereas high intake of vegetables contribute to low DAL and high fibre intake. As dietary fibre might reduce intestinal calcium absorption [15] , it could be argued that associations between DAL and bone outcomes might be more detrimental to bone in subjects with high intake of dietary fibre. Therefore, our main aim was to study the associations of dietary acid load (DAL) with bone mineral density (BMD) and trabecular bone integrity (reflected by TBS) in middleaged and elderly subjects of the Rotterdam study. Moreover, we explored potential non-linear associations. A secondary aim was to assess whether the magnitude of the associations differ according to renal function and intake of dietary fibres.
Methods

Study design
This cross-sectional analysis was embedded in the Rotterdam study (RS), a prospective, population-based cohort study. Subjects were middle-aged and elderly people (n = 4672, S- Fig. 1 ) from three RS cohorts. The design and objectives of this study have been described extensively elsewhere [16] . In brief, participating males and females were 45 years or older at the start of the study (1989) (1990) (1991) (1992) (1993) . All participants provided written informed consent to participate in the study and for the study to obtain information from their treating physicians.
Assessment of dietary intake and DAL
Dietary intake was assessed using a validated, semiquantitative food frequency questionnaire (FFQ) on 389 food items [17, 18] at the fifth visit of RS-I (2009-2011), the third visit of RS-II (2011-2012) and the second visit of RS-III (2012-2014). Next, the intake of macro-and micro-nutrients was calculated using the Dutch Food Composition Database (NEVO) from 2006 [19] .The net rate of endogenous noncarbonic acid production (NEAP) is a common measure of DAL which is based on the ratio of dietary protein to potassium. This ratio was shown to explain 71% of the variation in steady-state rate of renal net acid excretion, measured as the sum of the excretion rates of titratable acids and ammonium minus that of bicarbonate previously [5] . In our study, NEAP was calculated based on the following equation NEAP (mEq/ day) = 54.4 × protein intake (g/day)/potassium (mEq/day)-10.2 [5] . Subsequently, NEAP was adjusted for total energy intake using the residual method [20] . To study whether acid load due to high vegetable or animal protein intake is differently associated with bone outcomes, protein potassium ratios were calculated using energy-adjusted vegetable protein (for VegPro/K) and animal protein (for AnPro/K) in mg/day as the numerator and energy-adjusted potassium (K) intake in mEq/ day as the denominator. Two Dutch adult study populations [17, 18] have shown that the FFQ was validated to properly rank subjects with respect to high or low intake of nutrients. Pearson's correlation coefficients were 0.62 for calcium and 0.71 for potassium and ranged from 0.59 to 0.68 for total, vegetable, and animal protein after adjustment for total energy intake and sex [17] .
Assessment of spinal TBS and BMD
Lumbar spine (L1-L4) BMD was measured using dual-energy X-ray absorptiometry (DXA) (Prodigy, GE Lunar Corp, Madison, WI, USA). TBS was analysed using TBS iNsight software (Med-Imaps, Geneva, Switzerland) and BMD using GE Lunar software. In brief, TBS is a novel grey-level texture measurement, extracted from DXA images, which correlates with 3D parameters of bone micro-architecture, connectivity density, trabecular separation and trabecular number. For each region of measurement, TBS was evaluated based on greylevel analysis of the DXA images as the slope at the origin of the log-log representation of the experimental variogram. The method of TBS assessment has been described in detail elsewhere [3] .
Assessment of covariates
Body weight (kg) and height (cm) were measured at the research centre as the subjects wore light clothing and no shoes. Smoking was coded as Bcurrent^, Bpast^, or Bnever^. Physical activity was estimated using the total number of sports and practising any sport at a professional level based on the validated LASA questionnaire [21] . Plasma vitamin D (25-Hydroxyvitamin D in nmol/l) was assessed using electrochemiluminescence immunoassay (COBAS, Roche Diagnostics GmbH, Germany). Estimated glomerular filtration rate (eGFR in ml/min), reflecting renal function, was based on both creatinine and cystatin C. Net household income and highest education attained were categorized into Blow^, Bmedium^, and Bhigh^as a proxy for socioeconomic status. Dummy variables using the medium category as the reference were used for further analyses. Prevalence of type 2 diabetes was based on fasting glucose (>11 mmol/l) or use of antidiabetic mediation. Use of lipid lowering or antihypertensive drugs was collected during the home interview. Intake of alcohol, dietary calcium and fibre (in grammes per day), and information on dietary supplement use were assessed using the FFQ. BSupplement use^was defined as taking calcium, vitamin D or multivitamin supplements at least once per week, as these nutrients are components of the DAL and/or important for bone health. Menopausal status was assessed using STRAW-criteria [22] . Use of female hormones was collected using questionnaires and coded as Bever^or Bnever^. All covariates were assessed at the baseline visit of our study, similar to the TBS and BMD data.
Statistical analysis
To determine which food groups were the main determinants of each of the DAL measures, stepwise backwards regression was used (P for exclusion >0.01). Associations of DAL with BMD, TBS were explored using linear regression modelling with NEAP, VegPro/K or AnPro/K as the exposure and TBS, BMD and presence or absence of vertebral fracture as the outcome (all in study-population specific Z-scores). Subjects with extreme total energy intake (<500 kcal per day or more than 5000 kcal per day) were removed from the analyses. All analyses were adjusted for age, sex, total energy intake, body weight and height in a basic model (model 1). Based on literature [10] and previous analyses on diet and bone in the Rotterdam study [9, 23] , a second model was developed which was further adjusted for smoking, physical activity, socioeconomic status, use of lipid lowering drugs, use of dietary supplements and intake of alcohol and intake of calcium (model 2). Natural cubic splines were computed to explore potential non-linear associations in our most adjusted models (model 2), of which the degrees of freedom were determined based on the lowest Akaike's information criterion (AIC) value. Likelihood ratio tests (LRTs) were performed to determine whether a non-linear model fitted the data significantly better than a lineal model does. If the results of the LRT were significant, effect estimates were calculated for separate intervals of DAL, using the knots defined in the cubic splines as cut-offs.
To assess the influence of sex, kidney function and dietary fibres on the relation between DAL, TBS and BMD, we tested for interaction by adding the product term of each DAL variable with sex, eGFR or dietary fibre plus eGFR or dietary fibre as independent variables to our model 2. Only if the P for interaction was <0.10, results were stratified according to the population median of eGFR or dietary fibre intake.
We performed several sensitivity analyses. We re-ran our main analyses in model 2 after exclusion of participants with incomplete dietary intake data. Moreover, we excluded participants with type 2 diabetes mellitus because incidence has been shown to be higher in people with high DAL [24] and diabetes patients tend to have lower TBS [25, 26] . We used the multiple imputation procedure to deal with missing covariates (details in S- Tables 1 and 2 ). All analyses were performed using SPSS (version 22, IBM Corp, New York, United States of America) and R (Version 0.99.484-2009-2015 RStudio Inc., Vienna, Austria) statistical software. A p value of 0.05 was considered to be significant.
Results
Study population
Overall, characteristics of our study population did not markedly differ between the three cohorts of the Rotterdam study (Table 1) . However, by study design, participants in the third cohort were younger (median (IQR = 57 (52, 60) versus 71 (69, 75) in the second and 78 (75, 82) years in the first cohort). Moreover, these younger participants were more likely to have higher total energy intakes, be less physically active and to have better renal function (Table 1) . Whereas the majority of females in the first and second cohort (>90%) were postmenopausal, this was only 77% in the third cohort. The median spinal TBS was consistent across cohorts, but younger participants were more likely to have higher BMD (Table 1) . NEAP was significantly correlated with AnPro/K (Pearson's r = 0.40) and to VegPro/K (Pearson's r = 0.23). However, the two different ratios of protein to potassium were not significantly correlated to each other. Moreover, NEAP and the AnPro/K were negatively correlated with dietary fibre intake (Pearson's r = −0.47 and −0.30), whereas fibre was weakly positively correlated to the VegPro/K (Pearson's r = 0.13, P for all significant correlations <0.001). An overview of food groups explaining most of the variance in NEAP, VegPro/K and AnPro/K is shown in S- Table 3 .
Associations between DAL, TBS and BMD
High NEAP was significantly associated with low TBS in our basic models (β = −0.04, 95% CI = −0.08, −0.01) ( Table 2 , model 1). Also, the ratios of vegetable protein and animal protein to potassium were significantly associated with TBS, but in opposite directions. Whereas high VegPro/K was associated with high TBS (β = 0.06 (95% CI = 0.04, 0.07), high AnPro/K was associated with low TBS (β = −0.07 (95% CI = −0.10, −0.04). These associations were independent of confounders (Table 2, model 2). For both protein to potassium ratios, LRT indicated the presence of a non-linear relationship, of which are visualized in Fig. 1 . Positive associations between VegPro/K and TBS reached a plateau at the population mean VegPro/K (≈0.25 g/mEq). In contrast, negative associations between AnPro/K and TBS become prominent at the population mean (≈0.34 g/ mEq) only. No significant associations between any of our DAL measures and BMD were observed in any of our models (Table 2) , nor were there any indications for non-linearity of these associations.
Additional analyses
We observed a potential interaction between renal function and VegPro/K in relation to BMD (P for interaction = 0.06). Stratified analyses suggested that VegPro/K might be associated with low BMD in subjects with renal function below the median (β = −0.05, 95% CI = −0.15, 0.05) but not in subjects with renal function ≥ the median (β = 0.01, 95% CI = −0.03, 0.04). No evidence for other interactions between DAL and renal function in relation to TBS or BMD were observed (P for interaction all > 0.16).
Moreover, we observed evidence for a potential interaction between NEAP and dietary fibre intake in relation to TBS (P for interaction = 0.06) and BMD (P for interaction < 0.01). Stratified analyses were suggestive for a stronger association between NEAP and low TBS in participants with high fibre intake ((β −0.03; 95% CI −0.08, 0.02) than in those with low fibre intake ((β −0.01; 95% CI −0.05, 0.03, S- Table 4a ). Also, data suggested that NEAP was associated with low BMD in subjects with high fibre intake only (β (95% CI) = −0.03 (−0.08, −0.02)). No other interactions between DAL and dietary fibre in relation to TBS or BMD were observed (S Table 4b ). Analyses in subgroups with complete FFQ data (n = 3170) or without type 2 diabetes (n = 4696) showed similar results as our main analyses (S- Table 5 ).
Discussion
Summary of our main findings and comparisons to other studies
In our population of middle-aged and elderly participants, we observed a negative association between NEAP and trabecular bone integrity reflected by the novel trabecular bone score. This negative association was also observed for a high AnPro/K but not for a VegPro/K.
In contrast, we observed no significant association between DAL and BMD. Although both TBS and BMD are derived from the same DXA images, they do reflect different characteristics of the bone. With BMD, the degree of mineralization is quantified, whereas TBS rather combines information on connectivity density, trabecular separation and trabecular number [2] . The results of our main analyses indicate that DAL (NEAP and AnPro/K) might be detrimental to bone health by influencing the trabecular integrity, without necessarily altering BMD.
To our knowledge, we are the first to study associations between DAL and TBS. However, treatment with K-citrate with the aim to neutralize dietary acid load for 24 months was shown to improve bone micro-architecture, reflected by trabecular thickness and number in 201 elderly [27] . Associations between DAL and BMD have been studied extensively with conflicting results [9, [28] [29] [30] , which could be in part explained by methodological differences between studies. Protein intake is an important contributor to DAL. A recent meta-analyses on 12 prospective cohort studies showed that total dietary protein consumption may decrease the risk of hip fracture but concluded that evidence was insufficient to draw the same conclusion for animal or vegetable protein. No significant overall associations were observed of total, animal or vegetable protein in relation to all fractures and limb fractures in this study, and the lack of studies on vertebral fractures was emphasized by the authors [31] .
Potential non-linearity of the associations
Moreover, our results suggest that the shape of associations of the VegPro/K and AnPro/K with TBS are non-linear. Whereas the negative associations are only observed at the highest AnPro/K, the positive associations were only observed at the lowest VegPro/K only. This difference might be due to the difference in sulphur containing amino acids [32] , since animal proteins may contain more sulphur (e.g. methionine and cysteine) and therefore produce more acid than do vegetable proteins. It has been noted that animal protein by itself, independent of the ratio to potassium, was beneficially associated with BMD and fracture risk in two other epidemiological studies [33, 34] . The non-linear shape of the association between VegPro/K and TBS in our population might reflect the importance of the anabolic effects of protein at acid loads below the mean, since amino acids are important substrates for building bone matrix [11] . Moreover, DAL has been suggested to affect bone outcomes via increased calcium excretion by the kidneys since bone minerals (mainly calcium) can be used as a base to neutralize low blood pH [35] . However, Cao and Nielsen recently concluded that, although a diet with a high acid load due to high intakes of meat and protein might increase renal acid load and urinary calcium excretion, demineralized bone was not necessarily the source of this extra calcium lost in urine. In contrast, the authors suggest that in case of diet-induced renal calcium loss, the body will compensate by promoting intestinal calcium uptake as primary mechanism to neutralize low blood pH [35] .
DAL: only adversely associated with bone outcomes in subgroups?
Since the kidneys are the primary organs to regulate chronic systemic acidosis, it could be argued that high DAL might be detrimental only in specific subgroups, such as those with low renal function. We observed no significant interaction between DAL and renal function in relation to bone outcomes in our cohort of Dutch elderly. However, data suggest that a negative association between VegPro/K and BMD might be present only in subjects with a renal function below the population median. Also, in a cohort of Swedish elderly, stratified analyses based on renal function using a more stringent cut-off of 60 ml/min showed no associations between DAL and risk of fractures (from the neck down) in both strata [9] . Some studies have suggested that the potential adverse effects of DAL on bone outcomes might be present only in subjects with the lowest intake of alkali-forming nutrients. For example, an inverse association between dietary potential renal acid load (dPRAL, another measure of DAL in which the intake of phosphorus is taken into account) and proximal femur BMD was detected among men with low dietary calcium intake (<800 mg/day) only [28] . Traditionally, the Dutch diet is rich in dairy products and calcium [36] , which is also reflected by the mean of 1010 mg of daily calcium intake in our population. Therefore, we were unable to study the association between DAL and bone outcomes in participants with low calcium intake in our population. In addition to interaction between DAL and acid-forming or alkali-forming nutrients, we hypothesised that interaction between DAL and other nutrients in the overall diet might occur. More specifically and as suggested by Cao et al. previously [15] , dietary fibre might inhibit intestinal absorption of dietary calcium and dietary acid Fig. 1 Non-linear associations between ratios of vegetable or animal protein to potassium and spinal trabecular bone score, reflecting trabecular bone integrity, using basic models adjusted for age, sex, body weight and height and total energy intake Table 2 Linear associations between DAL, TBS and BMD load might reduce uptake of calcium from the bloodstream by the bones. DAL might therefore be more strongly associated with unfavourable bone outcomes in subgroups with high fibre intake. Indeed, our data were suggestive for an interaction between NEAP and dietary fibre in relation to BMD and TBS. Dietary fibre derived from grains might present in high DAL diets and derived from fruits and vegetables in low DAL diets. Altogether, these findings might imply that DAL might be adversely associated with bone outcomes in subgroups only, and that the food groups that determine DAL in a specific population (e.g. grains, fruits and vegetables) matter.
Strengths and limitations
Our study has several strengths. To our knowledge, we were the first to investigate DAL in relation to trabecular integrity of the bone in a large population-based study. Moreover, we have used different measures of DAL, allowing us to separately investigate which components of the DAL might be important for bone. However, we also recognize some limitations. The use of an FFQ to assess dietary intake is prone to measurement error. To account for systematic measurement error, we adjusted our analyses for total energy intake using the residual method [20] . Also, we performed sensitivity analyses to account for incomplete dietary intake data. Results from our sensitivity analysis showed similar effect sizes before and after exclusion of participants with incomplete data. Unfortunately, we did not have biomarkers of acid load, such as urinary pH or serum bicarbonate levels to validate our findings. Random error might have still been present and diluted our associations. TBS data were only available in a subsample of the Rotterdam study. However, characteristics of the participants included in our study did not markedly differ from those included in the full third cohort of the Rotterdam study. Hence, we believe that our results are valid for our full cohort. Due to the limited follow-up period, we were not able to study associations between DAL and risk of fractures yet. Lastly, we did not have sufficient participants with an eGFR <60 ml/min to study the influence of impaired versus normal renal function, limiting any conclusions on specific associations in those with impaired renal function or renal failure.
Practical implications and recommendations for future research
Our results do not support the hypothesis that high DAL is associated with low BMD. In contrast, we observed significant associations with low TBS. Moreover, they are suggestive for differently shaped, non-linear associations between AnPro/K and VegPro/K with TBS. Future studies are needed to confirm our results in other populations. Also, future studies may include a longitudinal approach in which associations between DAL and changes in BMD or TBS and subsequent risk of fragility fractures could be evaluated. Moreover, our population had low median DAL and small variance compared to other studies [32, 37] . Future studies in populations with more extreme ranges of DAL might provide additional insights. Lastly, we hypothesised that associations with TBS might add to the explanation of conflicting results on DAL and fracture risk. Long-term studies will be needed to confirm this hypothesis. Due to its contribution to high DAL, protein has been suggested to adversely affect skeletal health [7, 35] . However, when combined with exercise, protein intake, an important component of the acid load variables in our study, also has positive musculoskeletal effects, for example for the prevention of sarcopenia (loss of muscle mass) [38, 39] . Therefore, one can argue that recommendations to reduce animal protein intake to facilitate a reduction in DAL in the ageing population might be undesired. In contrast, a proper balance between protein from animal sources by protein from vegetable sources might be beneficial for overall musculoskeletal health. Future research would be needed to further clarify the role of protein sources in skeletal health.
Conclusions
In our population of middle-aged and elderly, high NEAP was associated with low trabecular bone integrity. Associations of AnPro/K and VegPro/K and TBS were non-linear and differently shaped. No significant associations with BMD were observed, nor was any interaction between DAL and renal function in relation to TBS or BMD. Only in participants with high intake of dietary fibre, NEAP might be detrimental to bone outcomes. These findings imply that nutrients that characterise a high DAL diet but are not incorporated in the DAL equation might influence associations of DAL with TBS and BMD.
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